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Abstract 
   Photoelectrochemical (PEC) water splitting to generate hydrogen is one of the most 
studied methods for converting solar energy into clean fuel because of its simplicity and 
potentially low cost. Despite over 40 years of intensive research, PEC water splitting 
remains in its early stages with stable efficiencies far less than 10%, a benchmark for 
commercial applications. Here, we revealed that the desired photocorrosion stability sets 
a limit of 2.48 eV (relative to the normal hydrogen electrode (NHE)) for the highest 
possible potential of the valence band (VB) edge of a photocorrosion-resistant 
semiconducting photocatalyst. We further demonstrated that such limitation has a deep 
root in underlying physics after deducing the relation between energy position of the 
valence band edge and free-energy for a semiconductor. The disparity between the 
stability-limited VB potential at 2.48 V and the oxygen evolution reaction (OER) 
potential at 1.23 V vs NHE reduces the maximum STH conversion efficiency to 
approximately 8% for long-term stable single-bandgap PEC water splitting cells. Based 
on this understanding, we suggest that the most promising strategy to overcome this 8% 
efficiency limit is to decouple the requirements of efficient light harvesting and chemical 
stability by protecting the active semiconductor photocatalyst surface with a 
photocorrosion-resistant oxide coating layer. 
 
 
I. Introduction 
Photoelectrochemical (PEC) cells that do not use an external bias or sacrificial reagents 
are of interest because of their simplicity and potentially low fabrication costs[1-4]. A PEC 
cell is based on a semiconductor/liquid junction, where free carriers (electrons and holes) 
generated by light absorption in the semiconductor are driven into the solution by the electric 
field at the junctions. Specifically, for a n-type semiconductor photocatalyst PEC cell, 
photogenerated holes initiate the oxygen evolution reaction (OER) at the surface of the 
semiconductor electrode and oxidize water to oxygen; photogenerated electrons entering the 
counter electrode drive the hydrogen evolution reaction (HER) and reduce water to hydrogen. 
A semiconducting material that can efficiently absorb sunlight to generate electron-hole pairs 
and that has a high mobility and long lifetime to prevent electron-hole recombination within 
the material before the electron-hole pairs reach the junction is needed to achieve efficient 
solar-to-hydrogen (STH) conversion. Additionally, the bandgap of a semiconductor 
photocatalyst must straddle the HER and OER potentials[1] to afford favorable reaction 
kinetics toward overall water splitting. In other words, the potential of the conduction band 
(CB) edge (𝜙"#) must be more negative than the HER potential (𝜙$ H+ H2 = 0	V vs NHE, 
which is approximately 4.5 eV below the vacuum level; NHE = normal hydrogen electrode), 
and the potential of the valence band (VB) edge (𝜙,#) must be more positive than the OER 
potential (𝜙$ H2O O2 = 1.23	V vs NHE). In addition to exhibiting an optimal bandgap for 
harnessing sufficient sunlight and favorable band-edge positions for driving overall water 
splitting, a semiconductor photocatalyst must also exhibit excellent stability in aqueous 
solution, which is the main limiting factor for the use of conventional photovoltaic 
semiconductors as photocatalysts[1-5] and thus is the main challenge to realizing high STH 
efficiency for water splitting.  
Silicon, CdTe, and III-V semiconductors are important materials in the photovoltaic 
industries because they are excellent light absorbers with high carrier mobilities, but their 
stabilities in aqueous solution are limited (<days)[5-7]. On the other hand, wide-bandgap 
oxides, such as TiO2, SrTiO3, and WO3, are highly resistant to photocorrosion in aqueous 
solution, but they suffer from poor PEC performances because their bandgaps are too wide to 
absorb a sufficient amount of the solar spectrum[1-5]. Thus far, no material capable of 
harvesting the whole visible-light spectrum with stability against photocorrosion has been 
found. Current knowledge is insufficient to identify semiconductor photocatalysts 
simultaneously possessing efficiency and stability. Thus, empirical approaches are often 
invoked with a hope to discover effective photocatalysts, such as using high-throughput 
experimental[3] or computational[8, 9] screening of numerous materials as solar 
water-splitting photocatalysts. In the end, hundreds of thousands of semiconducting 
compounds will likely be examined and tested for PEC efficiency and stability without the 
certainty of success. Chen and Wang[10] recently examined the stability of thirty 
photocatalytic semiconductors in aqueous solution using the method developed by H. 
Gerischer[11] in 1977 in combination with the first-principles calculations and discussed their 
thermodynamic stabilities and trends against the oxidative and reductive photocorrosion. The 
primary aim of this study is to address whether a semiconductor photocatalyst can be 
simultaneously efficient and stable and thereby shed light on the knowledge-based design of 
highly efficient PEC water-splitting cells.  
Many of the most-stable metal-oxide PEC photocatalysts possess wide bandgaps because 
the width of the bandgap is argued to be a measure of the chemical bond strength[1]. 
However, GaN and ZnS have even larger bandgaps than stable TiO2 and WO3, but these 
semiconductors exhibit photodecomposition in aqueous solution[1, 2, 4, 5]. The high-lying 
VB energy of both GaN and ZnS, where the VB edge consists of high-energy N 2p or S 2p 
orbitals, is a prominent feature distinguishing these semiconductors from TiO2 and WO3, 
where the VB edge is dominated by low-energy O 2p orbitals and stays low and somewhat 
nails at approximately 3.0 V vs NHE. Cu2O is a rare metal oxide providing favorable energy 
positions and an optimal bandgap for PEC water splitting resulting from a high-lying VB, 
which is composed of primarily Cu 3d orbitals instead of O 2p orbitals, but Cu2O is also 
unstable in aqueous solution[12]. Thus, we speculate that the energy position of the VB edge, 
rather than the width of the bandgap, determines the stability of a semiconductor under 
illumination in aqueous solution: a more positive VB potential (lower energy) results in better 
thermodynamic stability. Because the CB potential must be negative vs NHE, a more positive 
VB potential indicates a wider bandgap and hence less efficient PEC photocatalysis owing to 
less harvested sunlight. Therefore, a proper balance must be attained between the stability and 
efficiency of a semiconductor for PEC water splitting. To reveal the hidden relationship 
between the VB potential and the thermodynamic stability for semiconducting PEC 
photocatalysts, here, we have examined 202 semiconductors that are known to either catalyze 
overall water splitting or reduce or oxidize water in the presence of an external sacrificial 
redox agent as collected in three most comprehensive, to our best knowledge, review articles 
[13-15]. Note that we don’t have any bias in choosing the known catalytic materials in our 
study. We found that the desired photocorrosion stability sets a limit of the highest possible 
VB potential at 2.48 V vs NHE for semiconducting PEC photocatalysts, which in turn 
excludes PEC photocatalytic materials with bandgaps less than 2.48 eV. We also 
demonstrated that such limitation has a deep root in underlying physics after deducing the 
relation between energy position of the valence band edge and free-energy for a 
semiconductor. 
 
II. Methods 
Assessing the thermodynamic stabilities of semiconductors against photocorrosion. 
The thermodynamic stability of a semiconductor in contact with an electrolyte solution is 
characterized by the decomposition redox potential, which is the required minimum Fermi 
energy of the electrons and holes driving the reductive and oxidative decomposition reactions, 
respectively[10, 11]. By analyzing the relative positions of competing potentials of water 
redox reactions, semiconductor decomposition reactions, and semiconductor band edges, we 
can determine the stabilities of the semiconductors in the PEC process[10, 11]. For an 
optimized semiconductor exhibiting a bandgap straddling both HER and OER potentials, 
Figure 1a illustrates the thermodynamic stability requirement that the reductive 
decomposition potential 𝜙12  of a semiconductor must be more negative than the HER 
potential 𝜙$ H+ H2  for water reduction, where photogenerated electrons prefer to 
participate in water reduction to produce H2, and that the oxidative decomposition potential 𝜙34 of a semiconductor must be more positive than the OER potential 𝜙$ H2O O2  for 
water oxidation, where photogenerated holes prefer to participate in water oxidation to 
produce oxygen. [Note that Figure 1a shows a case of semiconductor 𝜙34 being above its 
VB edge but below the 𝜙$ H2O O2 , which was assigned by Gerischer as metastable 
protected by solvent in his original paper[11]. This different assignment may lead to 
overestimation of the stability of semiconductor photocatalysts but will not affect our 
conclusions as we will discuss below.] Otherwise, as shown in Figure 1b-d, photogenerated 
electrons or holes prefer to drive the self-decomposition of the semiconductor instead of the 
water redox reactions, resulting in instability under illumination in aqueous solution. In this 
case, a semiconductor has at least one oxidative decomposition reaction at a potential 𝜙34 
more negative than the OER potential 𝜙$ H2O O2  (Figure 1b,d) or at least one reductive 
decomposition reaction at a potential 𝜙12  more positive than the HER potential 𝜙$ H+ H2  (Figure 1c,d). Notably, a semiconductor exhibiting a bandgap not straddling the 
HER and OER potentials could still be stable against photocorrosion, even if the relative 
positions between the decomposition redox potentials and the water redox potentials are 
similar, as shown in Figure 1b-d. For instance, if the reductive decomposition potential 𝜙12 
is more positive than the HER potential 𝜙$ H+ H2  but less positive than the CB potential 𝜙"# , photogenerated electrons prefer to stay at the CB edge instead of driving 
self-decomposition before recombination.  
 
III. Results and Discussion 
Validating the theoretical predictions. Now, we can assess the stability of 
semiconductors under solar water-splitting conditions using the criterion shown in Figure 1 
by determining the energy positions of the band edges and the redox decomposition potentials 
with respect to the water redox potential for semiconductors. We examined 202 inorganic 
materials known to either catalyze overall water splitting or reduce or oxidize water in the 
presence of an external sacrificial redox agent[13-15]. We organized these 202 materials in 
Figure 2 from left to right in descending order of energy of their VB edge potentials (at pH = 
0). The orange color marks the photocorrosion-resistant materials, and the blue color indicates 
the remaining unstable materials. Details of all the predicted photodecomposition lowest 
reductive and highest oxidative potentials and reactions are given in Table S1 in the 
Supplementary Materials. We see that all semiconductors that are stable against 
photocorrosion are, as expected, oxides or halides with low VB energies.  
To test these theoretical predictions, we performed detailed comparisons with 
experimental measurements for widely studied or recently reported semiconductor 
photocatalysts, such as TiO2, Cu2O, BiVO4, Ag3PO4, β-Ge3N4 and BiOX (X = Cl, Br, and I).  
Since the demonstration of PEC water splitting over TiO2 by Fujishima and Honda[16], 
TiO2 has been the most widely used oxide for photocatalytic applications owing to its low 
cost and long-term stability in aqueous solution[1-3, 17]. Figure 3a shows that the predicted 
reductive decomposition potential 𝜙12and oxidative decomposition potential 𝜙34 straddle 
the HER potential 𝜙$ H+ H2  and OER potential 𝜙$ H2O O2 , indicating that TiO2 is 
thermodynamically stable under water-splitting conditions, which is in excellent agreement 
with experiments. As an active photocatalyst under visible-light illumination, Cu2O has 
recently attracted attention[12], even though Cu2O suffers from poor stability in aqueous 
solution. We predict that, as shown in Figure 3a, both the reductive and oxidative reactions 
decompose Cu2O as a result of the more positive reductive decomposition potential 𝜙12 than 
the HER potential 𝜙$ H+ H2  and the much more negative oxidative decomposition 
potential 𝜙34  than the OER potential 𝜙$ H2O O2 , in agreement with the previous 
experimental report[12]. Here, a slight difference was observed in which our predicted 
oxidative decomposition potential 𝜙34  was higher than that determined in an earlier 
study[12], where both redox potentials lied within the bandgap. In recent years, the 
visible-light-active BiVO4 semiconductor has also been widely studied as a promising 
photoanode in water-splitting PEC cells[18]. Two opposite opinions have been reported on 
the stability of BiVO4 against photocorrosion. Some experiments presented evidence 
suggesting the material is stable in PEC water splitting[19], whereas experimental 
evidence[20] has also been represented suggesting degradation occurs, as the photocurrent 
generated from the bare BiVO4 film decreases significantly within a few minutes under 
illumination, ascribing to severe anodic photocorrosion occurring on the BiVO4 surface. The 
observed remarkable reduction of the V/Bi ratio on the BiVO4 surface under illumination was 
another supporting evidence for the photodecomposition of BiVO4[20]. Here, our prediction 
suggests BiVO4 is resistant to photocorrosion at pH = 0, as the oxidative decomposition 
potential (𝜙34 = 1.36	V vs NHE) is more positive than the HER potential 𝜙$ H2O O2 , and 
the potential of the CB edge is more positive than the reductive potential (𝜙12 =	0.05 V vs 
NHE); however, the reductive decomposition potential is more positive than the HER 
potential 𝜙$ H+ H2 , implying that BiVO4 may become unstable as increasing the pH value. 
Ag3PO4 having a 2.4 eV bandgap that absorbs visible light to oxidize water into oxygen[21, 
22] has been regarded as chemically stable in aqueous solution[22]. However, experiments[21] 
have also reported that Ag+ transforms into Ag during the active photocatalytic process in the 
absence of an electron acceptor, resulting in black metallic Ag particles accumulating on the 
Ag3PO4 surface, which suppresses further photocatalytic activity by preventing light 
absorption and thus indicates photodecomposition of Ag3PO4. Here, we predict that Ag3PO4 is 
stable against photocorrosion, as the CB edge potential is lower than both the reductive 
decomposition potential 𝜙12  and the HER potential 𝜙$ H+ H2 , and thus, the 
photogenerated electrons prefer to stay at the CB edge instead of driving HER or reductive 
photodecomposition; however, the lowest reduction decomposition potential (𝜙12 = 0.19 V 
vs NHE) of Ag3PO is more positive than the HER potential 𝜙$ H+ H2 . Note that, at a high 
pH value, Ag3PO4 becomes unstable because of a slightly more negative reductive 
decomposition potential (at pH = 0) crossing the energy of the CB edge, as shown in Figure 
S1e in the Supplementary Materials, which explains the previous reported self-decomposition 
of Ag3PO4 [21]. 
RuO2-loaded β-Ge3N4 was the first successful example of a non-oxide photocatalyst for 
overall water splitting[23]. Unfortunately, we found that β-Ge3N4 was unstable against 
photocorrosion. Figure 3a shows that the photodecomposition oxidative potential of β-Ge3N4 
is much more negative than the OER potential, indicating that photogenerated holes cause the 
self-decomposition of β-Ge3N4 with an oxidation reaction of Ge3N4 + 6H2O → 6H2 + 3GeO2 
+ 2N2. The photodecomposition of β-Ge3N4 was experimentally confirmed by the observation 
of a relatively high amount of N2 evolution during water splitting[24]. Bismuth oxyhalides, 
BiOX (where X = Cl, Br or I), have recently been studied[25] as novel non-oxide 
photocatalysts. A very recent experiment reported that BiOBr exhibited excellent stability in 
aqueous solution, but both BiOI and BiOCl possessed poor stabilities[26]. These experimental 
results are consistent with our predictions. BiOBr is photocorrosion resistant, as the two 
photodecomposition redox potentials (𝜙12 = −0.18	V, 𝜙34 = 1.32	V  vs NHE) of BiOBr 
straddle the HER and OER potentials. However, BiOI is susceptible to oxidative 
photodecomposition, as indicated by the more negative oxidation potential (𝜙34 = 0.96 V) 
than the OER potential (𝜙$ H2O O2 = 1.23 V vs NHE), and BiOCl is subject to reductive 
photodecomposition because of the slightly more positive reductive potential of 𝜙12 = 0.04 
V vs NHE.  
Photocorrosion-induced limit for the VB potentials of photocatalysts. Figure 2 
indicates that the semiconductors near the left side of the plot are all unstable (marked in 
blue), whereas most of the stable semiconductors (marked in orange) reside on the right side 
of the plot. Surprisingly, we observed a line at 2.48 V vs NHE in the VB edge potentials, 
above which no semiconductor photocatalysts were stable against photocorrosion. The 
emergence of such a limiting line for the photocatalyst VB potential indicates that the 
photocorrosion sets a limit for the highest possible VB edge potential for a stable 
semiconductor photocatalyst. We name this limiting line the photocatalyst-limiting line (or 
PLL, 𝜙;<< = 2.48 V vs NHE). Although semiconductors with VB edge potentials below this 
PLL are not necessarily stable against photocorrosion, a VB edge potential below the PLL is 
required for a semiconductor photocatalyst to exhibit photocorrosion resistance. The 
overpotential between the PLL (𝜙;<< = 2.48 V) and the OER potential (𝜙$ H2O O2 =1.23	V  vs NHE) poses a major challenge for the development of high-performance 
photocatalyst materials. Because the potential of the CB edge must be more negative than the 
HER potential 𝜙$ H+ H2 , the limit for photocorrosion-resistant photocatalysts with the 
highest VB potential at 2.48 V excluded PEC photocatalytic materials with bandgaps less than 
2.48 eV.  
As shown in Figure 2, photocorrosion-resistant semiconductors always possess wide 
bandgaps and therefore suffer from poor PEC activity under visible light. Several strategies 
have emerged to overcome this limitation, such as incorporating nitrogen into the metal-oxide 
lattice to form oxynitrides[27, 28], which decreases the bandgap by raising the VB, as the N 
2p orbital is higher in energy than the O 2p orbital. Figure 3b shows that the energy positions 
of the VB edges of all the examined oxynitrides are raised remarkably relative to the VB 
edges of their oxide counterparts (even passing over the PLL), whereas their CB edges show 
little change in energy. However, all these oxynitrides are predicted to be unstable, consistent 
with the manifestation of the PLL, but their oxide counterparts are stable against 
photocorrosion. For example, the oxidative decomposition potential of TaON is ϕ34 =0.06	V vs NHE for the oxidative reaction of 2TaON + 3H2O → 3H2 + N2 + Ta2O5, indicating 
that TaON will decompose back to the more stable oxide Ta2O5 under water-splitting 
conditions. This prediction was confirmed by experimental observations[27, 28], where a low 
level of N2 evolution during solar water splitting was observed over this photoelectrode in the 
initial stages, which was attributed to the partial decomposition of the oxynitride driven by 
photogenerated holes. In such a self-decomposition progress, a Ta2O5 thin film built up on top 
of TaON to serve as an oxide protection layer to suppress the further decomposition of TaON, 
which explains the experimentally observed ceasing of N2 evolution after the initial stages. 
Because photogenerated holes are difficult to extract across a newly formed oxide protection 
layer to drive OER, a low quantum yield (5-6%) for solar water splitting[28] is thus expected 
using an oxynitrides as a photocatalyst.	
The introduction of defects is another attractive method to raise the VB of 
photocorrosion-resistant oxides. For instance, introducing disorder through hydrogenation in 
the surface layers of nanophase TiO2 has been examined to extend the absorption edge into 
the visible-light region[29, 30]. The modified TiO2 (named black TiO2) exhibited activity 
under visible light. However, experiments also reported that the H2 production rate dropped 
by two orders of magnitude when black TiO2 was illuminated with visible and infrared light, 
with incident light of wavelengths shorter than 400 nm filtered out[29, 31]. This observation 
may be due to the coating of black TiO2 by a layer of wide-bandgap white TiO2, which 
functions as an oxide protection layer to suppress further degradation but also block 
photogenerated carriers to drive HER and OER. This speculation is supported by the 
experimental observation[29] of identical Ti 2p XPS spectra for both white and black TiO2. 
The coating of the white TiO2 layer could stem from the decomposition of black TiO2, which 
was revealed to have a nanocrystalline TiO2 core and a highly disordered hydrogen-doped 
TiO2 shell (ca. 1 nm thick) [31]. 
We conclude that, although we can modify a photocorrosion-resistant metal oxide to raise 
the VB edge to extend the bandgap into the visible-light region, the modified metal oxide 
typically becomes unstable because of the VB edge approaching the PLL, implying that the 
PLL (𝜙;<< = 2.48 V vs NHE) is universal for PEC semiconducting photocatalysts. Notice 
that, in practical PEC cells, catalysts are additionally decorated on semiconductor surfaces to 
promote the OER and HER reactions by lowering their respective overpotentials. These 
catalysts may slow down the photodecomposition rate of the decorated-semiconductor but 
will not fully protect it since they absorb sunlight and thus cannot fully cover the surface of 
semiconductor photocatalyst. Here, we can safely neglect catalyst effect on stability [8-10, 
32].  
Revisiting the upper-bound efficiency of single-bandgap PEC water splitting. The 
absorbed photon flus 𝐽?  (photons s-1m-2) is an important quantity in solar efficiency 
calculations and is defined by 𝐽? = 𝐽ℏA𝛼ℏA𝑑ℏ𝜐EFG , here 𝐽ℏA  is the AM1.5 global solar 
spectrum as shown in Figure 4A. To evaluate the theoretical limiting efficiency, here, we take 
a common assumption that complete absorption (𝛼ℏA=1) of all photons above the bandgap of 
the semiconductor [33, 34]. Figure 4B shows the maximum harvested solar energy percentage 𝑃 = 𝐽? 𝐽ℏA𝑑ℏ𝜐E$  for a semiconductor with bandgap 𝐸?. A semiconductor with a 2.48 eV 
bandgap can only absorb a small part of the solar spectrum (𝐸JKLMLMN ≥ 2.48 eV), accounting 
for ~23% of solar radiation, as shown in Figure 4B, and possessing a maximum achievable 
efficiency of 13% for a single-bandgap photovoltaic cell according to the Shockley-Queisser 
limit[35]. However, for solar water-splitting applications, the maximum achievable STH 
efficiency is further reduced to 7.8% [33, 34] as shown in Figure 4 (or 7.1% for a realistic 
single junction PEC cell[34]) because only 1.23 eV, rather than 2.48 eV, per absorbed photon 
is converted to chemical energy through driving the overall water-splitting reaction. Therefore, 
the required PEC stability remarkably decreases the STH limiting efficiency of 
single-bandgap PEC water splitting from the previously thought value of 30.7% to 7.8%, 
which is even lower than the 10% efficiency required for commercial applications[1, 3]. This 
finding emphasizes the difficulty of finding a stable semiconducting photocatalyst with a high 
PEC efficiency even after an extensive search over half a century for materials that 
simultaneously meet the requirements of both favorable energy band positions and 
photocorrosion resistance. In the above discussion, we ignore the effect of OER and HER 
overpotentials, which will further lower the predicted 7.8% upper bound efficiency of PEC 
water splitting.  
The physics underlying the photocorrosion-induced limit of the VB potentials for 
photocatalysts. To uncover the underlying physics, we attempt to derive the relation between 
the VB potential and free-energy for semiconducting photocatalysts considering the 
photocorrosion resistance of a semiconducting photocatalyst is highly coupled to the Gibbs 
free energy of formation. A semiconducting photocatalyst that possesses a more negative 
Gibbs free energy of formation requires more free energy supplied from photogenerated 
carriers to drive the decomposition redox reactions and hence is more likely stable against 
photocorrosion. For example, the Gibbs free energy of formation of MQXS can be written as ∆U𝐺 MQXS = ∆U𝐻 MQXS − 𝑇𝑆 (T is the temperature; S is the entropy), and the enthalpy of 
formation is defined as ∆U𝐻 MQXS = 𝐸Z3Z MQXS − 𝑎𝜇] − 𝑏𝜇_  ( 𝜇`  is the chemical 
potential of element i; 𝐸LML MQXS  is the total energy of MQXS). The enthalpy of formation ∆U𝐻 MQXS  is highly correlated to the VB energy in which a lower VB energy results in a 
more negative ∆U𝐻 MQXS  for a semiconductor. Because the VB edge states are generally 
the anion atom centered bonding states, a lower VB indicates either a stronger covalent bond 
or a larger Coulomb binding between anions and cations, which in turn results in a more 
negative total energy 𝐸Z3Z MQXS  (and ∆U𝐻 ) for the semiconductor. Furthermore, 
combining the 𝐸,# vs Eg relationship proposed by Butler and Giney[36] and the Eg vs ∆U𝐻 
relationship proposed by Portier et al.[37], we can obtain a quantitative relationship between 𝐸,# and ∆U𝐻 for a semiconductor MaXb at pH = 0: 𝐸,# = 0.619	𝜒 MQXS + 0.5	𝐴d	𝑒𝑥𝑝 − 2.95×10ij ∙ ∆U𝐻 𝑛2 − 1.942    (1)  
where 𝜒 MQXS = (𝜒no ∙ 𝜒pq)s otq , 𝜒no  and 𝜒pq  are the absolute electronegativities of 
atoms M and X, respectively, 𝑛2 is the number of electrons involved in the reaction, 𝐴d is a 
property of the cation, and 𝐸,# and ∆U𝐻 are in eV (see the Supplementary Materials for 
more details).  
Based on the deduced EVB vs ∆U𝐻  relationship, we could verify the 
photocorrosion-induced limit of the VB potentials by artificially raising the VB edge 
potentials of all the stable semiconducting photocatalysts to 2.48 V vs NHE and adjusting ∆U𝐻 according to Eq. (1). In this case, we found that all the semiconductors again become 
unstable. For example, the VB edge potential of TiO2 was at 3.25 V vs NHE, and the Gibbs 
free energy was -888.8 KJ/mol with predicted reductive and oxidative photodecomposition 
potentials of 𝜙uv = −0.53	V and 𝜙Mw = 1.30	V, respectively (corresponding reactions are 
given in Table S1). If we artificially raise the VB edge potential from 3.25 to 2.48 V vs NHE, 
the Gibbs free energy changes from -888.8 to -801.50 KJ/mol according to Eq. (1), and TiO2 
becomes unstable, as the modified reductive potential (𝜙uv = 0.78	 V) becomes more positive 
than the HER potential. If we upshift the VB edge potential of Bi2WO6 from 3.27 to 2.48 V, 
the Gibbs free energy changes from -1708.34 to -1439.69 KJ/mol, and the reductive and 
oxidative photodecomposition potentials change from 𝜙uv = −0.25 to 0.07	 V and from 𝜙Mw = 1.28 to 0.28 V, respectively. Subsequently, Bi2WO6 again becomes unstable upon 
upshifting the VB potential above the PLL. Thereby, we have illustrated that the 
photocorrosion-induced limit of the VB potentials for photocatalysts has a deep root in 
underlying physics.  
 
IV. Conclusions.  
    We revealed that the thermodynamic stability is strongly coupled to the energy position 
of the VB edge for semiconducting PEC photocatalysts, setting limits for the highest possible 
VB edge potential at 2.48 V vs NHE (named the PLL) and for the minimum possible bandgap 
at 2.48 eV. These limits remarkably reduce the STH limiting efficiency for single-bandgap 
PEC water splitting from the commonly believed 30.7% to approximately 8%, even lower 
than the 10% efficiency required for commercial applications[1-3]. Although this conclusion 
was drawn from data at pH = 0, the limits are also applicable in a finite pH range (see 
discussion on pH dependence in the Supplementary Materials). Because the predicted limiting 
STH efficiency is too low, future efforts toward attaining highly efficient PEC solar water 
splitting must shift from searching for PEC photocatalysts to strategies that decouple the 
thermodynamic stability and PEC efficiency. For example, metal-oxide protection layers have 
been used to stabilize narrow-bandgap (PEC-active) semiconducting photocatalysts, such as 
Cu2O[12], Si[6, 38, 39], CdTe[39], and III-V[7] semiconductors as well as some modified 
oxides. For this purpose, the focus should shift toward interface engineering for the 
simultaneous optimization of the built-in field, interface quality, and carrier extraction to 
maximize the photovoltage of an oxide-protected water-splitting photocatalyst[32, 38, 40, 41]. 
Furthermore, a dual-bandgap Z-scheme water-splitting system using two different 
semiconducting photocatalysts could also overcome the predicted 8% limiting STH efficiency 
if the photoanode is resistant to photoanodic decomposition and if the photocathode is 
resistant to photocathodic decomposition.  
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Figure 1. Classification of the semiconductor decomposition redox potentials with 
respect to the water redox potentials. For optimized PEC water splitting, a semiconductor 
should possess a bandgap straddling the HER and OER potentials. The relative energy 
positions between the band-edge energy, the water redox potentials and the semiconductor 
decomposition redox potentials characterize the stability of the semiconductor against 
photocorrosion. (A) The semiconductor is stable against photocorrosion because of a more 
negative reductive photodecomposition potential 𝜙re than the HER potential 𝜙0 H+ H2  
and a more positive oxidative photodecomposition potential 𝜙ox than the OER potential 𝜙0 H2O O2 . (B) The semiconductor is susceptible to anodic photodecomposition because of 
the less negative reductive photodecomposition potential 𝜙re  than the HER potential 𝜙0 H+ H2 . (C) The semiconductor is susceptible to reductive photodecomposition because 
of the less positive oxidative photodecomposition potential 𝜙ox than the OER potential 𝜙0 H2O O2 . (D) The semiconductor is susceptible to both reductive and oxidative 
photodecompositions. 
	
	
	
 
 
 
 
 Figure 2. Band alignments and stabilities of 202 semiconductors under water-splitting 
conditions. The stabilities of 202 inorganic materials known to either catalyze overall water 
splitting or reduce or oxidize water in the presence of an external sacrificial redox agent under 
water-splitting conditions are evaluated. Photocorrosion-resistant semiconductor 
photocatalysts are marked in the orange color, and the remaining unstable semiconductor 
photocatalysts are indicated by the blue color. These 202 materials are organized from left to 
right in descending order of energy of their VB edge potentials (at pH = 0). The emergence of 
a photocatalyst line in the VB edge potentials (analogous to the tree line on a mountain) is 
evident. Above this line, no semiconductor photocatalyst is stable against photocorrosion. 
 
	
 
 
 Figure 3. Stability of various semiconductors and oxynitrides under solar water-splitting 
conditions. (A) The energy positions (versus NHE) of the CB and VB edges of various 
selected semiconductors, including anatase TiO2, Cu2O, BiVO4, β-Ge3N4, and BiOX (X = I, 
Cl, or Br) at pH = 0, and the photodecomposition redox potentials under solar water-splitting 
conditions. Photocorrosion-resistant semiconductor photocatalysts are marked in the orange 
color, and the remaining unstable semiconductor photocatalysts are indicated by the blue 
color. The corresponding photodecomposition redox reactions of these semiconductors are 
listed on the right. (B) The energy positions of the CB and VB edges of various oxynitrides 
and their oxide counterparts.  
	
 
 
 
 Figure 4. Limiting STH efficiency versus the semiconductor bandgap (Eg) for 
single-absorber PEC cells. (A) Solar spectral distribution based on AM1.5 global data. (B) 
Maximum harvested solar energy percentage of semiconductor absorbers versus the 
semiconductor bandgap Eg. The values corresponding to the optimal bandgap (1.59 eV), the 
photocorrosion-limited smallest bandgap (2.48 eV), WO3, rutile TiO2, and anatase TiO2 are 
also indicated. (C) The maximum STH efficiencies of the single-absorber PEC cells for the 
ideal case without considering stability (Eg = 1.59 eV, η = 30.6%), for the ideal case 
considering the photocorrosion restriction (Eg = 2.48 eV, η = 7.8%), and for the cases of WO3, 
rutile TiO2, and anatase TiO2 cells.  
